ABSTRACT Detergent and papain solubilized murine histocompatibility (H-2) antigens have been compared by gel exclusion chromatography, ultracentrifugation, sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and aminoacid sequence analysis. From these data, we propose a molecular model for the H-2 antigens that includes the size and arrangement of the subunits on the cell surface and in solution, and we provide evidence for the orientation of these molecules on the cell surface. Detergent solubilized H-2 antigens (molecular weight 116,000) consist of two disulfidelinked heavy chains (46,000 daltons) and two noncovalently associated light chains (12,000 daltons). Alkylation with iodoacetamide prior to extraction prevented the formation of a disulfide linkage between the two heavy chains. A water-solle 51,000-dalton molecule (Fe) consisting of a 39,000-dalton fragment (FH) of the heavy chain and one intact light chain was obtained by papain digestion of cells or detergent extracts. Therefore, the disulfide linkage between the heavy chains is located in the remaining membrane-associated portion (Fm). Amino-acid sequence analysis of the FH fragment of H-2Kb by radiochemical techniques showed that it is identical to the detergent solubilized H-2Kb heavy chain in eight positions for the three amino acids tested. These data indicate that the fragment FH derives from the amino-terminus of the heavy chain and suggest that it projects outward from the cell surface, while the carboxyl-terminal region is associated with the plasma membrane. The described amino-terminal sequence data have been found constant in H-2Kb, H2Kd, 1H-2Kk, and shown to be homologous to the constant regions of immunoglobulin light and heavy chains, raising the possibility of an evolutionary relationship between the immunoglobulins and the histocompatibility antigens (8, 9). In support of this hypothesis recent reports indicate that both H-2 and HL-A antigens resemble immunoglobulins in that they appear to be molecules composed of two heavy chains and two light chains (10, 11).
fragment (FH) of the heavy chain and one intact light chain was obtained by papain digestion of cells or detergent extracts. Therefore, the disulfide linkage between the heavy chains is located in the remaining membrane-associated portion (Fm). Amino-acid sequence analysis of the FH fragment of H-2Kb by radiochemical techniques showed that it is identical to the detergent solubilized H-2Kb heavy chain in eight positions for the three amino acids tested. These data indicate that the fragment FH derives from the amino-terminus of the heavy chain and suggest that it projects outward from the cell surface, while the carboxyl-terminal region is associated with the plasma membrane. The described amino-terminal sequence data have been found constant in H-2Kb, H2Kd, 1H-2Kk, H-2Db, and H-2Dd gene products. These data support the hypothesis that the K and D products of the major histocompatibility antigen complex have evolved by gene duplication. The importance of histocompatibility antigens in the rejection of allografts has been established, but the molecular structure and biological function of these cell-surface glycoproteins are largely unknown. Recent studies support the notion that these molecules function in the discrimination of altered self antigens, e.g., in distinguishing normal cells from virally infected or transformed cells (1) (2) (3) . A clue to the role of histocompatibility antigens in this process is provided by observations suggesting that the proteins interact with viral or tumor antigens to form structures that can be recognized by syngeneic cytotoxic T lymphocytes. Our understanding of the mechanisms of these interactions depends upon knowledge of the detailed chemical structure of the histocompatibility antigens.
Human (HL-A) and murine (H-2) histocompatibility antigens consist of two polypeptide chains, one heavy chain [molecular weight (Mr) 50 ,000] bearing the antigenic specificity and the carbohydrate (4) and a small polypeptide (Mr 12,000) that has been identified as f32-microglobulin (5-7).
The amino-acid sequence of 02-microglobulin has been Abbreviations: NaDodSO4, sodium dodecyl sulfate; Mr, molecular weight; NP 40, Nonidet P-40; DOC, sodium desoxycholate.
shown to be homologous to the constant regions of immunoglobulin light and heavy chains, raising the possibility of an evolutionary relationship between the immunoglobulins and the histocompatibility antigens (8, 9) . In support of this hypothesis recent reports indicate that both H-2 and HL-A antigens resemble immunoglobulins in that they appear to be molecules composed of two heavy chains and two light chains (10, 11) .
We have carried out an analysis of the molecular organization of H-2 antigens on the cell surface and their physicochemical properties in solution. Partial amino-terminal sequences of heavy chains of different haplotypes were compared in order to obtain some insight into the nature and organization of the antigenic polymorphism. On the basis of these and other studies, we propose a model for the H-2 antigens which includes the arrangement of the polypeptide chains, the location of interactions between the chains, and the orientation of these proteins on the cell surface. The structural homologies found in the amino-terminal sequences of five different H-2 heavy chains allow conclusions about the origin and the diversity of histocompatibility antigens.
MATERIALS AND METHODS
Solubilization of H-2 Antigens. Splenic lymphocytes (12) from inbred mice strains (BALB/c, DBA/2J, AKR/J, C57BL/10J, and C57BL/6J obtained from Jackson Laboratories) and lymphoma cells (P388, EL4, and MOPC 21, obtained from the Salk Institute) were labeled by the lactoperoxidase procedure (13) (20) ; bovine serum albumin (Sigma), Mr 68,000; ovalbumin (Sigma), Mr 43,000; carboxypeptidase B (Worthington), Mr 34,000; chymotrypsinogen (Worthington), Mr 23, 500;  and cytochrome c (Sigma), Mr 12, 400 . Gel chromatography and sucrose density gradient centrifugation were performed as described in the figure legends. Dextran blue (Pharmacia) and phenol red were used to indicate the void and the total bed volume of Sephadex columns. Diffusion coefficients (21, 22) and sedimentation coefficients (23) were used to calculate molecular weights (22) .
Amino-Acid Sequence Determination. Heavy chains from reduced and alkylated H-2 antigens individually labeled with 3H-or 35S-labeled amino acids were isolated from immune precipitates by preparative NaDodSO4-polyacrylamide gel electrophoresis using H-2 antigens labeled with 5-dimethylamino-1-naphthalene sulfonyl chloride as fluorescent markers (manuscript in preparation). Antigens were electrophoretically eluted from gel slices, dialyzed against water, and lyophilized. Excess NaDodSO4 was removed by extraction with methanol. Radiosequence analysis (24) was performed by a manual procedure (25) 20 for sequence data) isolated by immune precipitation and preparative NaDodSO4-polyacrylamide gel electrophoresis, and 0.4-2.0 mg of succinylated concanavalin A (26) were added to all samples. Radioactively labeled phenyl thiohydantoin amino acids were identified by cochromatography with unlabeled standards on polyamide thin-layer sheets (27) . The appropriate regions were cut out and added directly to 10 ml of Aquasol (New England Nuclear) for scintillation counting. Ultracentrifugation of detergent solubilized H-2 antigens on sucrose density gradients in 0.5% DOC gave a peak of antigenic activity at 5.9 S with some minor components at lower S values (Fig. 3) . In the absence of DOC most of the H-2 antigenic material was found at the bottom of the centrifuge tube, indicating aggregation of the antigen under these conditions. Fragments Obtained by Papain Cleavage. NaDodSO4 gel electrophoresis of H-2 antigens obtained by papain treatment of cells or detergent extracts showed components of Mr 39,000 and 12,000, both in the presence and in the absence of reducing agents (Fig. 1D) . Occasionally, a minor component of Mr 20,000 was observed. Under nondissociating conditions and in the absence of detergent, gel chromatography of papain solubilized H-2 antigenic material indicated an Mr of approximately 50,000 (Fig. 2B) . In sucrose density gradient centrifugation experiments, papain treated detergent extracts showed a major peak of activity at 3.7 S. Therefore, the results obtained from both the gel chromatography and the ultracentrifugation experiments indicate that the main fragment obtained by papain hydrolysis is monomeric and, in accord with the gel electrophoresis data, consists of a 39,000-dalton heavy chain fragment and one noncovalently associated /32-microglobulin molecule.
RESULTS
The results of these experiments are summarized in Table  1 . In addition, diffusion coefficients and the Stokes' radii were calculated for both the detergent and the papain solubilized H-2 antigens (Table 1) using partition coefficients obtained by gel exclusion chromatography on calibrated Sephadex G-200 columns (Fig. 2) . Calculation of the molecular weights (22) using the diffusion and the sedimentation coefficients gave 116,000 for the intact molecule in detergent solution and 49,000 for the major fragment produced by papain cleavage (Table 1) .
Comparison of Partial H-2 Heavy Chain Sequences. The amino-terminal sequence of the intact H-2Kb heavy chain was compared with that of its papain fragment in -, Denotes the absence of all the other amino acids listed for this gene product.
order to define the relationship between the two polypeptides. Different cell preparations were incubated with individual [3H]amino acids. The specifically labeled H-2 antigen heavy chains and their papain fragments were isolated by preparative gel electrophoresis. For the three amino acids tested, no difference was found between the H-2Kb heavy chain and its papain fragment in the first eight positions ( Table 2) . These results strongly suggest that the papain solubilized H-2 antigens retain the amino-terminal portion of the peptide chain. The enzyme probably releases the antigens from the cell surface by cleavage of peptide bonds near the carboxyl-terminal end. In addition; amino-terminal sequences from K and D gene products from different haplotypes were compared to determine whether this region of H-2 molecules contributes to the polymorphism of the H-2 system. The amino-terminal sequences of H-2Kb (EL4 cells), H-2Kd (P388 cells), H-2Kk (AKR thymocytes), H-2Db (EL4 cells), and H-2Dd (P388 cells) heavy chains were identical at all the positions tested ( Table 2 ). In addition to the data shown in Table 2 , H-2Kb, H-2Dd, and H-2Kd heavy chains all had an arginyl residue at position 14, H-2Dd had an arginyl residue at position 21, and H-2Kb had tyrosyl residues at positions 22 and 27.
DISCUSSION
The organization of H-2 molecules on the cell surface, the orientation of amino-and carboxyl-terminal regions of their peptide chains relative to the cell surface, and the nature and distribution of the polymorphism within the heavy chains are of significance in determining the biological function of H-2 antigens. We have formulated a working model (Fig. 4) (28) .
Recent data from other laboratories have suggested that H-2 and HL-A molecules consist of two disulfide-linked heavy chains and two noncovalently associated fl2-microglobulin chains (10, 11) . The amount and nature of higher and lower molecular weight species in both systems are not well defined. Higher polymers of HL-A antigens (10) and H-2 antigens (4) are seen in nonionic detergents and probably result from the formation of large micelles by these detergents. Both 120,000-and 60,000-dalton HL-A species have been observed in DOC (29) , and the simultaneous presence of H-2 heavy chain dimers and monomers has been seen in the absence of reducing agents (4) . In addition, a 50,000-dalton component of HL-A antigens was observed under dissociating conditions in the absence of reducing agents (11) .
These findings and our own observations suggest that the H-2 heavy chain may not exist as a covalently bonded dimer on the cell surface. Monomers are occasionally seen on NaDodSO4-polyacrylamide gels without any prior reduction.
Treatment of cells or membrane fractions with iodacetamide prior to detergent extraction greatly increased the amount of heavy chain monomer on NaDodSO4 gels in the absence of reducing agents while oxidation of sulfhydryl groups on cells with o-phenanthroline/CuSO4 prior to the described alkylation procedure increased the amount of heavy chain dimer. These findings suggest that the H-2 molecule may exist, at least transiently, in two forms on the cell surface, as a monomer and as a disulfide-linked dimer.
Papain treatment of both cell surfaces and detergent extracts yielded a monomeric fragment (FH plus L) (Fig. 4) The amino-acid sequences of the intact heavy chain and the FH fragment of H-2Kb antigens (Table 2) , as determined using 3H-labeled antigens, are identical in the three positions tested. These results suggest that the FH fragment contains the amino-terminal part of the heavy chain and that the Fm fragment is derived from the carboxyl-terminal part of the polypeptide chain. Inasmuch as F, can be obtained by direct papain treatment of the cell membrane, the amino-terminal end of the H-2 heavy chain probably extends away from the cell surface (Fig. 4) with the carboxyl-terminal region (Fm) associated with the plasma membrane. This orientation is similar to that reported for other cell surface glycoproteins such as glycophorin and membrane-bound immunoglobulin (30) (31) (32) .
The location and the distribution of those residues that reflect the polymorphism of H-2 antigens probably bear an important relationship to the function of these molecules. The amino-acid sequences for the first eight positions of H-2 gene products from three independent haplotypes (Table 2) are constant for the amino acids tested. These data, however, do not preclude the possibility that other as yet unknown residues in this region express the antigenic polymorphism. Alternatively, these sites may reside in other regions or be distributed over the molecule. The similarity in the sequences of the K and D gene products is consistent with the hypothesis (33) that these genes evolved by duplication from a common ancestral gene. Our present data are too limited to allow any conclusion about the postulated common origin (34, 35) of histocompatibility antigens and immunoglobulins. A more rigorous test of this relationship as well as the identification of sites recognized by cytotoxic T lymphocytes would provide an important basis for establishing the biological function of histocompatibility antigens.
